T he h y o m a n d ib u la r o f Eusthenopteron w as in c o rre c tly describ ed b y S te rn b e rg : it com pares closely w ith t h a t o f Ectosteorhachis describ ed b y R o m er. S te rn b e rg 's a c c o u n t o f th e oticoccipital p a r t o f th e cran iu m is also in a c c u ra te , b ecause his m a te ria l is b a d ly cru sh ed . H is phylogenetic conclusions are th e re fo re su sp ect.
I n m am m als th ese p a rts o f th e ty m p a n ic c a v ity h a v e env elo p ed th e p o ste rio r bones of th e p rim itiv e m an d ib le a n d th e q u a d ra te , a n d th e old ty m p a n ic m em b ra n e h as en larg ed a n d m i g ra te d so m ew h at a n te ro -v e n tra lly . T h e re la tio n s o f th e m a m m a lia n ty m p a n ic m em b ran e a n d c a v ity to sk eletal elem en ts, m uscles a n d n erv es are show n to be d ire c t consequences of th is th eo ry .
B ro o m 's suggestio n t h a t th e c a v ity below th e reflected la m in a o f th e a n g u la r in T herom o rp h a hou sed a sa liv a ry g la n d is d iscussed, a n d th e possible p o sitio n o f th e p a ro tid a n d su b m a n d ib u la r g la n d s in c y n o d o n ts is in d ic a te d .
T h e h y o m a n d i b t t l a r o f
The structure of the brain case of Rhipidistia has recently been described in Rhizodopsis (Save-S5derbergh 1936) and Meg alichthy s'] nitidus (Cope) (Romer 1937) . Both investigators showed that the hyomandibular articu lated with the brain case at two facets, one above and one below the jugular canal (transmitting the lateral head vein). This condition is of great theoretical import ance in discussing the hyomandibular of fishes. More recently, Romer (1941) has given an excellent account of the hyomandibular of Ectosteorhachis, and has com mented afresh on the brain case. Sternberg (1941) has also described the brain case and related structures of Eusthenopteron, in which, he asserts, the hyomandibular was different in its articulation with the brain case and relationship to the branches of truncus hyomandibularis VII. Material of Eusthenopteron in my possession shows that Sternberg's account is inaccurate and misleading in this and some other particulars. It seems desirable to publish a short account of the hyomandibular of this form and to comment briefly on the recent work of Romer and of Eaton (1939a, b) on the relationships of the hyomandibular to the operculum, and of the tetrapod stapes.
Available material of Eusthenopteron consists of several good skulls, showing some details of the hyomandibular, collected by Dr W. Graham-Smith and the writer from the type locality of Scaumenac (Escuminac) Bay, Bona venture Co., Province of Quebec, and an isolated hyomandibular (on loan from the Geological Survey of Canada, no. 8691) from the same locality. The last mentioned had partly broken loose from the matrix during transit, and a thin layer of matrix was easily removed, allowing examination of both aspects of the antero-dorsal part of the bone. Although much flattened, this specimen is satisfactorily preserved and shows that the Eusthenopteron hyomandibular closely resembles that of Ectosteorhachis.
In general shape (figure 1) the bone corresponds perfectly well to Sternberg's figures. However, it is now clear that what Sternberg figures as the 'dorsal' view is really the lateral or antero-lateral aspect of the bone, and the 'ventral' view is really medial. The two articular heads of the bone are not well differentiated and the proximal end is flattened: between the heads, as in Ectosteorhachis, is a thin connecting lamina. The medial aspect of the proximal part of the bone shows, between the two heads, a very marked groove (figure 1 , t.hm.) gradually passing distally into a tunnel ( f . p. ),which emerges on the lateral face (f.d protuberance labelled ' processus opercularis ' by Sternberg. This groove and tunnel are clearly for the main hyomandibular trunk of nerve VII. More distally the nerve seems to have divided into the usual three rami. The almost parallel grooves (figure 1, r.m., r.h.) for ramus mandibularis VII and ramus hyoideus VII are cle shown on the distal part of the lateral face; the latter runs distally between sharp narrow ridges. Immediately behind and above the emergence of the tunnel, on the lateral face, is a steeply pitching hollow which I have been unable to prepare fully because of the fragility of the bone; it bears the characteristic minute cross wrinkling of the impressions of the branches and trunks just mentioned and seems without doubt to be for ramus opercularis VII. This ramus has therefore a slightly different course from that in Ectosteorhachis, where it branches from the other parts of the nerve while still in the canal, but this difference is not important. Sternberg's figure 8 b shows clearly the entry of the canal for the main hyomandibular trunk of nerve VII; his figure 8a shows the deep hollow above 'pr.op.' into which the canal opens distally, and the other deep hollow ('dorsal sulcus') includes the steep foramen for ramus opercularis.
Hyomandibular and middle ear
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The dorsal edge of the bone is not very well preserved. The region of the slight angulation is thickened and seems to be very much roughened, and is continued proximally as a sharp narrow ridge near the dorso-lateral margin of the bone. The tuberosity called ' processus opercularis ' by Sternberg is slightly roughened on its postero-dorso-lateral aspect, but this may be due to abrasion, since other specimens do not show this roughening.
The other structures shown on the medial surface of the bone as preserved do not correspond very closely with those of E an how far they are due to the compression of a bone which seems to have consisted of a well-ossified 'shell' with loose or little ossification within. In the material available only the proximal part of the medial face is shown, and it is not possible to be sure of the presence of the groove, possibly for ramus pretrematicus IX, described by Romer in Ectosteorhachis, though it may well be present. The im pression of the lateral head vein is much less definite than shown in Romer's figure.
The identification of the processus opercularis is not immediately clear. It seems very probable that the dorsal angulation played at least some part in the support of the operculum (cf. p. 398), and it has similar morphological relationships to those of the opercular articulation in Ectosteorhachis. The 'processus opercularis' of Sternberg's account may be properly so called, though it is more likely that it was related to other structures. The protractor hyomandibularis muscle, or (where this is not separately developed) a tendon from the corresponding part of the levator arcus palatini musculature, is often attached to the hyomandibular in a similar position in fishes. The Ectosteorhachis condition could be attained by a dorsal or dorso-lateral extension of the ' processus opercularis ' of Sternberg's account so as to cover still more of the canal for the seventh nerve and to meet the thickening at the dorsal angulation. The canal for ramus opercularis VII would then be more or less invisible in lateral view.
The orientation of the whole hyomandibular has been somewhat misinterpreted by Sternberg. In the living animal the cheek plates were rather steeply inclined downward, from the skull roof, and the hyomandibular ran at first almost pos teriorly, and then postero-ventrally and slightly laterally, from the cranium. The flattening of the skull after death usually involves the disintegration of the gular region and the lateral splay of the palato-quadrates and cheek bones. The hyo mandibular is also involved and is thus detached from the cranium. The ventral head of the bone, being longer than the dorsal head, may still lie apparently close to the cranium and give a false idea of natural articulation. Sternberg shows (his figure 2) possible areas of articulation for the hyomandibular on the endocranium of Eusthenopteron, both dorsal to the jugular canal. The facet for the 'posterior (dorsal) head is also labelled 'articular surface for the first branchial arch' in his figure 1. I find Sternberg's account of the otico-occipital part of the brain case extremely difficult to follow on my material, which I have not now leisure to prepare properly. Meanwhile I have no doubt that Sternberg's material is strongly crushed, and suspect that collapse effects are responsible for some of the peculiar conditions he describes. Examination of his stereo-photographs goes far to confirm the suspicion. The occipital region as restored by him is altogether too shallow (cf. Bryant 1919, plate 14, figures 2-5). It follows that Sternberg's phylogenetic and comparative anatomical conclusions are suspect.* Dr Jarvik of Stockholm has been engaged in a monograph on Eusthenoptero which s to these difficulties.
The Eusthenopteron hyomandibular is therefore directly comparable with that of Ectosteorhachis and was almost certainly articulated with the endocranium in the same fashion. Sternberg's work takes no account of the changes during post-mortem flattening of the skull, and by insufficient preparation of the hyo mandibular he has overlooked important characters.
The five main attachments of the rhipidistian hyomandibular may be named as follows: two proximal attachments, the processus ventralis to the wall of the otic capsule in the saccular-lagenar region, and the processus dorsalis reaching up almost to the dermal skull roof; the processus opercularis extending to the bony oper culum; the processus quadratus to the quadrate; and the processus hyoideus to the ceratohyal.
2 . T h e t e t r a p o d c o l u m e l l a a u r i s a n d s t a p e s Considerable contributions to our understanding of the nature and evolution of the auditory apparatus in primitive tetrapods have recently been made by Bystrow (1938 Bystrow ( , 1939 , Bystrow & Efremov (1940) , Eaton (1939a, 6) , Romer (1941) , and others, but there still remain many interesting problems which have received little attention from palaeontologists since Sushkin's paper of 1927. For some of these the material for a partial solution seems to be available; these concern the nature and evolution of the tympanic chamber and its membrane, and the relations of these structures to the visceral-arch skeleton and the branches of the truncus hyomandibularis VII. Eaton (1939a, b) has made the suggestion that the part of the columella auris or stapes inserted in the tympanum-i.e. the extracolumella or extrastapes, which I propose to call the processus tympanicus-is homologous with the processus opercularis of the crossopterygian hyomandibular, a homology that had been in dependently worked out by the writer apparently on other grounds. Eaton con siders that the crossopterygian hyomandibular had five attachments, which have been named and discussed above. It is possible that another attachment should be considered-namely, the tuberosity, identified by Sternberg as 'processus opercularis', on the hyomandibular of Eusthenopteron-, this may be for a tendon from the protractor hyomandibularis or the levator arcus palatini. On the whole it is improbable that this process is as important as the others, it is not repre sented in
Ectosteorhachis.
* I h a v e m a t e r i a l o f a p r o to -c o e la c a n th f r o m t h e E s c u m in a c fo r m a tio n , s till r e t a in i n g m a n y r h ip id is tia n c h a r a c te r s o f t h e b o d y b u t w ith t h e ja w s sh o w in g c h a r a c te r is tic c o e la c a n th m o d ific a tio n s . I t d iffe rs s tr ik in g ly fr o m E u sth e n o p te ro n .
The nature of the hyoid and mandibular skeleton in Rhipidistia is fairly well known in broad outlines. The palato-quadrate, covered internally by a large pterygoid bone, runs back almost horizontally, close to the ventral lamina of the temporal region, from just above the basipterygoid process to about the level of the hyomandibular attachment, behind which the upper margin curves down to the quadrate region. The hyomandibular lies very close to the upper part of the palatopterygoid complex, as shown in figure 2. The details of the distal unossified parts of the hyomandibular are unknown, but it is certain that there was a con nexion with the ceratohyal, and very probably another with the quadrate. In available rhipidistian material I have not found any 'epihyal' ('stylohyal' or 'interhyal') or 'symplectic5 elements; there seems to be no room for the latter to be developed.* The ceratohyal runs rather close inside the back of the mandible. The first branchial arch follows close on the hyoid in Rhipidistia. The apposition of the hyomandibular and quadrate region confirms the identification of the groove on the hyomandibular (Romer 1941) as for ramus mandibularis VII, and makes it fairly clear that no pharyngeal diverticulum of any size comparable to a tympanic chamber could have been developed. The processus opercularis articulated with the opercular near its anterodorsal corner; in there is a shallow pit on the inner face of the opercular which may have been occupied by cartilage for the articulation, exactly as in Polypterus (Allis 1923, plate 11, figure 33 ). This pit cannot possibly have articulated with the tuberosity on the hyomandibular of Eustheno pteron, which was labelled ' processus opercularis 5 by Sternberg, but could have been in articulation with a small cartilage extension at the angle of the bone in the position of the processus opercularis of Ectosteorhachis. The processus opercularis therefore lies behind the squamosal, about the level of the top of the preopercular, below and behind the hinder margin of the homologue of the tetrapod tabular, and lateral to the paroccipital process. By removal of the opercular bones and * Symplectic and ' stylohyal ' cartilages are known in the living coelecanth (Smith 1939 ). The former is characteristic of bony fishes in which the suspensorium is vertical or forwardly inclined; great development of both elements may be associated with this forward shift. They seem to represent separate centres of chondrification in the quadrate and cera tohyal processes or ligaments from the hyomandibular.
forward movement of the quadrates, the processus opercularis would be left in a notch bounded by the tabular and paroccipital process above, and the squamosal and preopercular (with the quadrate) in front. It has therefore all the morpho logical relationships of the part of the stegocephalian columella or stapes (extra columella or extrastapes) directed to the otic notch. In Stegocephalia too there are indications of the other four attachments-the processus ventralis to the fenestra (or pseudofenestra) ovalis, the processus dorsalis (often reduced) to the crista parotfca or the tabular, the processus quadratus (marked only, in most Stego cephalia, by a pit or tubercle on the quadrate for attachment of a cartilaginous or ligamentous connexion), and the processus hyoideus which, at some stage of de velopment, is a morphological necessity and which may have been degenerate or ligamentous in the adult.
At first sight the stapes of a primitive reptile (e.g. -Sushkin 1927 -Sushkin , 1928 Price 1935; and cf. figure 5 b ) is so different as to suggest quite other homo logies. The main axis of the stapes runs postero-laterally, and the connexion to the quadrate is obviously the most important distal one. However, the distal end of the bone is not usually preserved, and a short extrastapedial projection may well have projected to the region of the tympanum, as in the cotylosaur Milleretta and the therapsids described by Broom (1936 Broom ( , 1937 Broom ( , 1938 . These conditions are related to the extraordinary downward spreading of the paroccipital plate in these reptiles and their derivatives, correlated with a downward drag of the tabular (and supratemporal) and complete obliteration of the original opercular or 'otic' notch. The stapes and its processes seem therefore to be strictly homologous in the two groups, and in particular the extrastapes has the same morphological relations. The con ditions in Lacerta confirm this so far as they are relevant, and all five processes are present. In all these tetrapod forms, truncus hyomandibularis VII presumably emerged from the cranium in front of the articulations of the stapes, passed back wards between the two proximal heads, then outwards and downwards, dividing into the hyoid ramus (which continues along the outer side of the ceratohyal) and the ramus mandibularis internus (chorda tympani). The ramus mandibularis externus (ramus mentalis) would probably only be preserved as an important nerve in those tetrapods with functional latero-sensory organs. In Lacerta the chorda tym pani passes forward, over the extrastapes (processus tympanicus) and lateral to the processus quadratus of the stapes, to the inside of the mandible. The chorda tympani runs essentially in front of or through the tympanic diverticulum in all amniotes.
The living Amphibia present rather markedly different conditions, due in part to the degenerate nature of living Urodela and Gymnophiona, and the complex metamorphosis of Anura, but in part indicative of special properties. Alone among known tetrapods these groups have the fenestra ovalis partly plugged by two cartilages each presumably part of processus ventralis*-an anterior 'plectrum' * According to several investigators the operculum fenestrae ovalis may be derived from the wall of the otic capsule. The nature of the 'stapes' of Stegocephalia supports Goodrich's view (1930) that it is of hyoid arch origin.
usually meeting the anterior border of the fenestra ovalis, and drawn out into a stylus ('columella') in some forms, and a posterior 'operculum' (here called 'oper culum fenestrae ovalis' to distinguish it from the piscine operculum); a process may run to the paroccipital process (processus dorsalis); and there may also he contact with the quadrate. In Urodela the tympanum is not developed and the whole columella auris may be vestigial. In Gymnophiona the plectrum may be pierced by the stapedial artery, and runs to the quadrate; no tympanum is de veloped. In the only group in which a tympanum occurs-Anura-the chorda tympani is post-tympanic, in sharp distinction to amniotes.
The immediate problems therefore are tw o:
(1) How did the rhipidistian condition evolve into that characteristic of general ized tetrapods?
(2) Are the living Amphibia descended from early tetrapod ancestors with an otic structure different from that of Amniota in some details?
The discussion of some of these problems leads to the emergence of a third: (3) How did the angular of mammal-like reptiles come to be so closely associated with the tympanic membrane that it could take over its support in the mammals ?
. T h e e v o l u t i o n o f t h e t y m p a n i c c a v i t y i n t e t r a p o d s
The key to this problem is that the Rhipidistia show the hyoid arch in close spatial relationship with both the mandibular and first branchial arches. The earliest tetrapods allow only a partial knowledge of the region, but it seems fairly certain that the line of the ' suspensorium ' defined by the basal articulation and the quadrate remains extremely oblique, directed postero-laterally and somewhat ventrally; in comparison with the osteolepids, however, the quadrates are moved anteriorly. In spite of this apparent similarity of attitude, and the similar parallel ism of the now modified hyomandibular to the postero-dorsal margin of the palatopterygoid complex, there has been a considerable change in the relationships of the rest of the hyoid arch and of the branchial arches to the skull and palate. The branchial arches of phyllospondyls and of Dvinosaurus (Bystrow 1938 (Bystrow , 1939 are some little way behind the skull, and apparently no elements more dorsal than ceratobranchials are ever present in known tetrapods. These facts are to be corre lated with the development of a neck-joint and the musculature for moving the head. The result is quite clear; while the hyomandibular retains its connexion with the cranium and quadrate, the ceratohyal is found relatively farther back, so that a marked gap has appeared between the hyoid and mandibular arches just behind the angle of the jaws. Moreover, the forward movement of the quadrates has allowed greater separation dorsally between the hyomandibular and the quadrate. This is an important change from the fish condition, and seems to have afforded an opportunity for the outward growth and expansion of the pharyngeal pouch between the mandibular and hyoid arches, in the region behind and above the processus quadratus (figure 3b). In addition there must have arisen the possi-bility of expansion of this pharyngeal pouch behind and immediately above the angle of the jaw, between the processus quadratus and processus hyoideus (figure 3 e ). One or both of these diverticula tended to envelop the homologue of the hyomandibular, as they do in the ontogeny of living tetrapods. In this way the hyomandibular (becoming the columella auris or stapes) would come to lie partly within the tympanic cavity, so that the processus opercularis could take up its new function as the processus tympanicus, imbedded in the thin membrane where the tympanic cavity approached the external morphological groove (the hyomandi bular cleft) between the hyoid and mandibular arches. This change is easier to understand if Eaton's arguments (1939 a) that the operculum of bony fishes con sists partly of mandibular-arch tissue be accepted, for then the processus oper cularis of Rhipidistia would have lain almost adjacent to the morphological hyomandibular cleft, and would have reached across to meet mandibular-arch material.
With the reduction in the dorsal part of the branchial region, and the increasing distance of the first branchial arch from the head, the rhipidistian derivatives would probably have found a bony operculum disadvantageous, particularly during lateral turning of the head. Moreover, in larval living Amphibia, in phyllospondyls (Bulman & Whittard 1926) and in Dvinosaurus (Bystrow 1938 (Bystrow , 1939 ) the most anterior branchial cleft functioning as a gill slit is between the first and second branchial arches, and only ceratobranchials are present. The loss of the opercular ossifications and the freeing of the processus opercularis may be understood in this light.
This series of changes affords a good working hypothesis, giving an adequate background for understanding the development of the tympanic diverticulum, the loss of the opercular bones, the break in some forms of the normal simple continuity of the hyoid arch usual in fishes, and the transformation of the processus oper cularis into the processus tympanicus (cf. figure 3 a-c) . The elucidation of other points in the comparative anatomy of the middle ear require more elaborate treatment. Meanwhile it is desirable to refer to the view held by some workers that the tympanic diverticulum is derived from two pharyngeal pouches instead of from the single hyomandibular pouch. In Homo, for example, it is usually stated that the diverticulum is bounded posteriorly, in part, by the first branchial arch. But on comparative grounds there is much evidence that only one pouch is involved in other tetrapods. The difficulty seems to be one of nomenclature rather than of fact; if the diverticulum or diverticula from the hyomandibular pouch were to envelop the remains of the hyomandibular, as suggested above, the results might be quite similar to those consequent on the two-pouch theory.
The statement that the tympanum of tetrapods is derived from the spiracle of fishes is still encountered in some modern texts. Goodrich and others have clearly disposed of this view by studying the fate of the epibranchial placode which marks the true dorsal end of the hyomandibular slit, and which is considerably removed from the rudiments of the developing tympanic diverticulum.
4 . T h e a m p h i b i a n m i d d l e e a r It was noted above that normal Stegocephalia present a markedly different aspect of stapes and ' otic notch ' from that seen in typical reptiles; Anthracosauria and Seymouriamorpha show the former pattern. It is widely accepted that Anura are closely related to Stegocephalia, being perhaps derived from small types often classified as 'Phyllospondyli ' (Watson 1940; Romer 1939) . It is also increasingly clear (Pusey 1938, p. 538; Bystrow 1939; Westoll 1943 ) that there is little founda tion for the suggestion of Save-Sdderbergh, Holmgren and others that the Urodela have been derived quite independently of the other Tetrapoda, perhaps from Dipnoi. A tympanic diverticulum is present only in Anura among living Amphibia; it is very dorsally placed, and the ramus hyomandibularis facialis passes back between the two cranial articulations of the columella, and lies post-tympanic. In Gymnophiona, where the columella is usually stout and directed towards the quadrate, the ramus hyomandibularis is morphologically post-columellar: no processus dorsalis is developed. In living Urodela the conditions are more com plicated. No tympanic diverticulum is present, and the stylus of the columella auris has a ligamental connexion with the squamosal or quadrate. The ramus hyomandibularis passes either ventrally to the columella in its entirety, or (in Necturus, etc.) the alveolar (including internal mandibular) branch runs ventrally and the jugular (hyoid) branch dorsally to the columella. These conditions can, at least in part, be explained by reference to fossil Stegocephalia, in which it is possible to observe conditions of the proximal part of the columella or stapes much Resembling those seen in living Amphibia.
In typical Stegocephalia, such as Eryo (Sushk Witter 1942), Benthosuchus (Bystrow & Efremov 1940) , (Case 1935) , Buettneria (Case 1931; Wilson 1941 ) and the Triassic forms described by SaveSoderbergh (1936) , the 'stapes' is elongated and is directed from the fenestra ovalis towards the otic notch, the relief of which strongly suggests that it supported a tympanic membrane (cf. particularly Bystrow & Efremov 1940) . Near the distal termination, in at least some forms {Eryops, Sushkin 1927; Edops, Romer 1941, p. 151 and Witter 1942) there is a dorsal process meeting the tabular or crista parotica, and almost certainly homologous with the processus dorsalis. There is usually a roughened tubercle (tuberculum supratrochleare) on the quadrate, which probably marks the attachment of a ligament from the shank of the stapes (processus quadratus), and a branch of this ligament probably passed to the ceratohyal (processus hyoideus). Thus all five of the primi tive processes of the rhipidistian hyomandibular can be recognized. Proximally, in several forms (e.g. Benthosuchus, Buettneria, Lyrocephalus, Edops, and Aphaneramma), the stapes shows interesting features that have been insufficiently appreciated (figure 4). The anterior margin of the proximal face (processus ventralis) appears in many of these forms to have met the otic capsule just in front of the fenestra ovalis, and its antero-ventral margin may approach the parasphenoid and pterygoid, or may even be sutured against the parafenestral crista formed by those bones. From this anterior process the main axis of the stapes seems to run out to the otic notch. Behind it the proximal part of the stapes curves or flares out to a process which was obviously inserted in the fenestra ovalis; these parts are very clearly distinct in Aphaneramma (Save-Soderbergh 1936, text-figure 47 and figure 4 a of this paper) and in Buettneria (Wilson 1941 and figure 4 b of this paper).* These conditions cannot be matched in amniotes, and it seems very reasonable to suppose that the posterior process is homologous with the operculum fenestrae ovalis of modern Amphibia, fused with, or not yet separated from, the more an- terior 'plectrum' region. This seems to be strong evidence that Urodela, Gymnophiona and Anura were all derived from ancestral forms showing this type of stapes, and so far as is known those forms include only the labyrinthodont stegocephalians and probably their small ('phyllospondyl') relatives. The conditions in some of these forms allow us also to reconstruct much of the tympanic chamber, and with it the probable courses of the truncus hyomandibularis and some of its branches. This can best be done in Benthosuchus (Bystrow & Efremov 1940) , in which the relief of the pterygoid and the otic notch allow almost complete certainty ( figure 5 a ) . From the columella (or stapes) to the quadrate and ceratohyal there passed connexions which were probably ligamentous. The ligament to the quadrate was almost certainly attached to the tuberculum supratrochleare; that to the ceratohyal probably diverged from the ligamentum quadrato-columellare not far above this point. The Eustachian tube passed through the level of the bony palate just lateral to the posterior end of the suture between the pterygoid and the parasphenoid, and it seems that Bystrow & Efremov were thoroughly justified in identifying a concavity on the postero-median face of the lamina ascendens of the pterygoid as ' excavatio tympanica' (but see Wilson 1941 for another view). This excavation is sharply bounded ventrally by the 'crista obliqua' on the pterygoid, to which Bystrow & Efremov suggest the margin of the musculus depressor mandibulae was attached; it seems also to have marked the effective antero-ventro-lateral extent of the tympanic diverticulum. There is also a 'recessus tympanieus' in the anterior face of the exoccipital (just behind the proximal end of the columella) which seems to have housed the posterior part of the proximal end of the diverticulum. The antero-median support of the tympanic membrane seems quite certainly to have been on the tabular and squamosal; the relief of the ventral surface of these bones in the otic notch is striking. On the lateral part of the posterior face of the quadrate ramus of the pterygoid the crista obliqua bends suddenly down and continues in a direction slightly median of the tuberculum supratrochleare of the quadrate; I regard this as the course of the ligamentous connexion between the columella and the quadrate (and ceratohyal). An almost identical arrangement of ligaments in is restored by Bystrow (1938, figure 5 ); in this form the proximal (i.e. dorsal) part of the connexion is actually an ossified process of the stapes. This reconstruction, and the similar one for Benthosuchus (Bystrow 1939, figure 15) would allow the depressor mandibulae musculature to reach the retroarticular process quite directly, and seem to be very highly probable. But if this is the case, no part of the functional tympanic diverticulum can have existed ventral to the ligaments to the quadrate and cera tohyal; the whole cavity must have been a very dorsal one, as in frogs. Moreover, the probable course of the truncus hyomandibularis of nerve VII can be indicated with some certainty. After its emergence from the cranium it must have branched off from the other trunci facialis, run posteriorly dorsal to the fenestra ovalis and thus over the proximal part of the columella but medio-ventral to the processus dorsalis, and divided into its mandibular and hyoid branches probably some distance postero-laterally. The hyoid ramus would have continued along the ceratohyal. The mandibular ramus subdivided into the ramus mandibularis externus (ramus mentalis) (passing through the 'foramen paraquadratum' or quadrate foramen, here enclosed by the quadratojugal), which served the laterosensory system in the mandible, and the ramus mandibularis internus or chorda tympani, which passed down to enter the inner face of the mandible between the (articular + surangular) and the prearticular. The chorda tympani passed to the mandible morphologically posterior and ventral to the tuberculum supratrochleare and processus quadratus (compare Lacerta, etc.) . This account is not in full agree ment with that of Bystrow & Efremov, who figure the entire truncus hyomandibularis passing below the columella, presumably by comparison with the highly specialized and probably degenerate conditions in living Urodela; but it is thoroughly self-consistent and in agreement with the conditions in other forms, especially in Edops, where Romer and Witter have shown the course of the The conditions in most living Amphibia can be understood as modifications of this pattern. In Anura the columella retains the two proximal articulations-the processus ventralis to the region of the fenestra ovalis, the processus dorsalis to the crista parotica (cf. conditions in Eryops, Edops hyomandibularis facialis passes back between these two heads, as in nearly all other tetrapods and in Rhipidistia. Little is known of the variations in the detailed relationships of the columella to the quadrate and ceratohyal and the relations of the branches of the truncus hyomandibularis to these structures. The separate operculum fenestrae ovalis and plectrum recall the two ventral articula tions of the stapes in some Stegocephalia. The extracolumella is embedded in the tympanic membrane and is clearly homologous with the processus tympanicus and the tip of the columella of such Stegocephalia as Benthosuchus. The Eustachian tube is dorso-laterally directed, and the tympanic chamber is very dorsal in position. I suggest as a working hypothesis that the annulus tympanicus of Anura may be the secondarily cartilaginous representative of the tabular of Stego cephalia, freed from the skull roof by the modification of the occipital surface: it retains the typical connexions with the crista parotica and the squamosal.
H y o m a n d i b u l a ra nd middle ear
The columella of Gymnophiona has, in the case of Ichthyophis (Goodrich 1930 , figure 508), a shape recalling that of some Stegocephalia, for at the stage figured the plectrum and operculum fenestrae ovalis are not separate, and the latter form a posterior process from the whole columella. The columella meets the quadrate; this is probably a secondary condition due to the failure of the tympanic diver ticulum, and the distal end of the columella may well include the homologues of the processus tympanicus as well a£ of the processus quadratus.
The auditory region in Urodela is very peculiar (good brief review in Goodrich 1930) . The auditory ossicles consist of separate plectrum ('columella') and oper culum; the former is produced to a short process (stylus) and may be connected by ligament to the squamosal or quadrate. The ramus hyomandibularis passes usually ventral to the stylus and the ligamentum squamoso-columellaris, but sometimes the jugular ramus (hyoid) passes dorsally over the stylus. It is ex ceedingly difficult to account for these conditions on any probable assumptions concerning the homology of the stylus and ligamentum squamoso-columellaris. But if one branch of the nerve can have its course above or below the stylus there is some justification for thinking that both branches may once have passed dorsal ' to the stylus. In that case the tip of the stylus may represent the greatly reduced processus tympanicus. During the evolution of Urodela the tympanic chamber has presumably failed, and it seems possible that the stylus has come to originate so late in ontogeny that the nerve has had the opportunity to readjust its course before the differentiation of the columella. In several Urodela the stylus may fail completely.
To sum up, the living Amphibia possess a common feature in the separate 'opercular' and 'plectral' connexions between the region of the fenestra ovalis and the proximal end (processus ventralis) of the hyoid arch; this can be compared only with labyrinthodont Stegocephalia (and probably with their small relatives or derivatives, the Phyllospondyli) among other tetrapods. The tympanic diver ticulum in Anura and in the labyrinthodonts is or was dorso-laterally directed and is, or seems to have been, entirely dorsal to the distal part of the processus quadratus of the columella (or stapes). The conditions in Gymnophiona and Urodela may be understood as due to degeneration of the tympanic diverticulum. It therefore seems highly probable that all three groups of living Amphibia were derived from the extinct labyrinthodont-phyllospondyl stock, contrary to the views of Holmgren and Save-Soderbergh. Bystrow (1938) and Bystrow & Efremov (1940) have shown that the detailed anatomy of several labyrinthodonts can be compared closely with that of urodeles; a similarly detailed anuran comparison has been made by Save-Soderbergh (1936) .
. T h e m i d d l e e a r o f p r i m i t i v e r e p t i l e s
The dorsally directed stegocephalian columella is at first sight different from the more laterally directed reptilian stapes, but as shown above, this difference is correlated with the downturning of the region corresponding to the stegocephalian otic notch in reptiles. All the very early tetrapod types show conditions more or less comparable, in broad outlines, with the Stegocephalia, but forms like Otocratia (Watson 1926, and Westoll 1942) show how the lateral and ventral migration of the region corresponding to the stegocephalian otic notch could come about. I have elsewhere suggested that Otocratia may be related to the ancestors of some early reptiles, and on the other hand it is highly probable that Otocratia is a direct derivative of ichthyostegid-like forms, in which the otic notch had a general similarity to that of labyrinthodonts.
Full discussion of the reptilian middle ear is quite outside the scope of this paper. I propose briefly to discuss some consequences of the downturning of the paroccipital process and tabular, and to attempt to account for the conditions observed in Lacerta, which may be taken as a fairly typical reptile so far as this region is concerned.
The downturning of the tabular and paroccipital process would involve a change in direction of the axis of the stapes and of the Eustachian tube; instead of running postero-dorso-laterally they would run postero-laterally, and since in most of these reptilian forms the quadrates are also displaced forwards, the direction would become almost lateral (cf. figure 5 b) . The result would be that the processus tympanicus would be driven down rather close to the processus quadratus of the stapes, and the tympanic diverticulum above the latter would become much compressed from above. But it was noted above that a second region for a possible extension of the hyomandibular pouch is just behind and above the angle of the jaw, and between the processus quadratus and the processus hyoideus of the stapes. It is possible that this extension was present in all very early tetrapods, but if so it was lost in the Stegocephalia. In the Reptilia it became important. I suggest that it thrust between the quadrate and ceratohyal connexions of the stapes, reached up toward the extrastapes (processus tympanicus) and also spread round the processus quadratus to meet the dorsal diverticulum (figure 3 e , f ). A similar process may be observed during the ontogeny of Lacerta (Goodrich 1915 , especially plate 11, figures 6-10, and also Goodrich 1930, figure 477) . By the union of these diverticula the stapes became enclosed in the tympanic cavity. The dorsal diverticulum of this account (which I shall call recessus tympanicus dorsalis, apparently homo logous with the amphibian tympanic diverticulum) is the 'anterior inner recess of the tympanic cavity' of Goodrich (1915) ; the more ventral diverticulum (which may be called recessus tympanicus infrastapedialis), not represented in am phibians, divides around the extrastapes to form the 'anterior outer recess' and the 'posterior recess' during the ontogeny of Lacerta. In Lacerta the truncus hyomandibularis passes back between the processus dorsalis and the processus ventralis and then behind the stapes, while the chorda tympani passes over the extrastapes (processus tympanicus) and lateral to the connexion with the quadrate. In the diagram (figure 3 c, e ) it is shown that these conditions can readily be derived from those observed in Rhipidistia by imagining that the two rami separated more and more proximally, the hyoid ramus cutting through the stapes until free, the chorda tympani being freed from its tunnel perhaps by thinning of the whole stapes.
It is perhaps worth noting that failure of the dorsal tympanic recess ('anterior inner recess') would leave the chorda tympani in a pretympanic position; it might be possible better to understand the conditions in some birds on this basis.
In living reptiles and their fossil relatives it seems that the relations of the tym panic cavity to the hyoid arch elements can best be understood by comparison with the lacertilian conditions. But in the case of the theromorph reptiles, and perhaps in the case of some cotylosaurs, there seems to have been a further modi fication which is very significant from the point of view of the evolution of the mammalian inner ear.
Since the well-known work of Palmer, who compared the jaws of Per armies and cynodonts, it has been widely accepted that the tympanic annulus of mammals is homologous with the angular of the cynodont jaw, and in particular with that part of it forming a reflected lamina. A morphologically similar lamina occurs in all groups of ' Therapsida and in the sphenacodont Pelycosauria which include their ancestors, and this was by many workers believed to have been the site of the tympanum in those animals. The clearest statement of this view is given by Sushkin (1927 Sushkin ( , 1928 , who described the relief of the occiput and the posterior part of the mandible in C a p t o r h i n u s, with details of pelycosaurs and other theromorphs, and suggested that there was a direct relationship between the posterior part of the mandible (and, in some forms, the region of the reflected lamina of the angular) and the tympanic cavity. The case of Captor hinus is not free from doubt; it seems possible that the groove on the inner face of the mandible may have transmitted the reptilian pterygoideus muscle.
In more recent years this view has been attacked, and there is now very clear evidence that the tympanum itself had no relationship to the angular flap in at least many forms of Theromorpha. This was shown most decisively by Broom (1936) 
in the cases of Lycedops s c h o l t z i T>r. and Hofmeyria atavus lians from the Tapinocephalus and E n d o t h i o d o n(
or zones respectivel where the stapes has a perfectly clear small extrastapedial process ( = processus tympanicus) directed straight towards a partial circular opening on the occipital face, medial to the quadrate foramen, and bounded by the squamosal and quadrate, with the opisthotic almost entering the inner margin (figure 5 d). Since then a similar extrastapedial has been found in other therocephalians, anomodonts, gorgonopsians, and in the peculiar form Milleretta (Broom 1938) , which is doubtfully referred to the pelycosaurs (see also Watson 1942) . A similar blunt process may be seen in Watson's figure of Ericiolacerta (1931, figure 3 ). It is quite clear that in these forms the tympanum was not related to the mandible. Romer & Price (1940, pp. 62, 83) have shown that in pelycosaurs it is mechanically and morphologically impossible that the stapes could have had any functional relationship to the region of the angular notch, and have indicated the probable position of the tympanum not far from that expected by comparison with therocephalians. Their argument seems reasonable, particularly in view of the condition in Lycedops and Hofmeyria mentioned above, and of the position of the groove for the external auditory meatus on the squamosal in cynodonts and other 'therapsids', and in the remark able Chinese mammal-like form Bienotherium (Watson 1942) .
The function of the angular notch was not, therefore, to support the actual tympanum. Broom has long held that it housed a submaxillary gland. Romer & Price, working on pelycosaurs, adopted the suggestion that the notch was related to the great development of the pterygoideus musculature which was attached to the inner surface of the lamina. The mammalian condition does not follow naturally Vol. 131. B from this, for in mammals the m. tensor tympani, the homologue of the reptilian m. pterygoideus, is attached, not to the tympanic ring, but to the internal face of the malleus.
It seems much more probable that in Dimetrodon, for example, the reptilian pseudotemporal muscle (i.e. the adductor mandibulae internus, pars pseudotemporalis of Brock's nomenclature-cf. Parrington & Westoll 1940, p. 340- or the levator mandibulae anterior of Edgeworth's interpretation) would have been inserted on the inner and lower surface of the bones surrounding Meckel's cartilage in this region, and that the reptilian pterygoideus muscle (the pterygoideus division of the adductor internus of Brock) would have passed back from the pterygoid flange to the special process on the articular lying antero-median to the articular surface and the retroarticular process. But I can see no good reason why the pseudo temporalis should have been inserted on the entire inner face of the angular lamina. It is more likely that it was applied to the lower surface of the bony box enclosing Meckel's cartilage, and it may have wrapped round this bar to reach up into the narrow dorsal part of the notch. During the further evolution of mammal like forms the pseudotemporal mass must have migrated anteriorly to take up its mammalian insertion (as the pterygoideus internus) on the angular process of the dentary. This change would therefore presumably be correlated with the anterior movement of the angular 'flap' in cynodonts, and would later free the angular altogether from service as a muscle attachment.
In my opinion a pharyngeal diverticulum, either originally separate from the Eustachian tube and tympanic cavity, or much more probably an extension of the tympanic cavity itself (recessus mandibularis), lay at first internal to the lower part of the angular, and later was housed in the angular notch.* It would meet laterally the reptilian pterygoideus muscle, and also (dorsally and somewhat anteriorly) the lower part of the quadrate rami of the pterygoid and epipterygoid, which are greatly reduced in cynodonts and in bauriamorphs, the most mammal-like groups (cf. figure 6 ). Its development may be connected with the great depression of the roof of the normal reptilian cavity. It may possibly have acted also as a vocal sac or resonator (it shows some resemblance to the vocal sac of a frog), as thought by Dombrowsky and by Sushkin (1928, p. 278) . Such a condition is easy to understand when the normal ontogeny of the mammalian tympanic cavity is considered (cf. Goodrich 1915) , and it offers a very simple explanation of the relationship of the tympanic membrane to the homologues of the angular, articular, prearticular and quadrate in mammals ( figure 6 a-d ) . With the development of the new jawarticulation in a plane lateral to the old one, the original tympanum would become very deeply placed. It is here suggested that during the shortening of the whole region (cf. Parrington & Westoll 1940 ) the part of the pharyngeal diverticulum related to the angular became closely adjacent to the original tympanic membrane, and that the more superficial part of the lower cavity replaced the tympanum quite simply by gradual transfer of function. The approximation of the dorsal part of the tympanic diverticulum to the lower part of the cavity, related to the lower jaw, would be hindered so long as the quadrate-articular joint was still functional. When the dentary-squamosal articulation was established the tympanic diverticulum would be able to envelop the quadrate and the posterior end of the lower jaw, together with the posterior part of the remains of the reptilian pterygoideus muscle (homologous with m. tensor tympani), which probably passed from the pterygoid flange of the cynodonts and related theriodonts to the articular (cf. Farrington & Westoll 1940, p. 341, and figure 14) . The original tympanum (a thin mem brane between the diverticulum and the hyomandibular cleft) could therefore extend downwards and forwards, and the more superficial part might be expected to take over the tympanic function. Then the retroarticular process and the possibly separate process (for the tensor tympani muscle) of the articular would naturally become embedded in the membrane, and would form the manubrium mallei, and the transformation of part of the m. pterygoideus into the mammalian tensor tympani also follows quite naturally. This suggestion explains simply and immediately why the angular should come to bear the mammalian tympanum, why the articular, prearticular and quadrate should become enclosed in the tym panic cavity, and why the stapes has lost its contact with the functional tym panum, and with it the extrastapedial process (which may, however, be repre sented in Paauw's cartilage). It explains also the difficulties, noted by several embryologists, that the tympanic cavity of mammals is morphologically somewhat antero-ventral to that of living reptiles, and that the attitude of the mammalian tympanum differs from that of reptiles.
Broom's view that the reflected lamina of the angular in many theromorphs housed the submaxillary (now more correctly called submandibular) gland requires comment. In many mammals this gland lies rather far forward, in front of the insertion of m. pterygoideus internus. But the parotid gland, which lies just behind the dentary below the condyloid process, immediately in front of and below the external auditory meatus, and below the level of Meckel's cartilage, occupies essentially the position of the upper and superficial part of the angular notch of advanced therapsids. It may be possible that both glands were primitively housed in the pocket covered by the reflected lamina, the duct of the ancestral parotid passing outside the coronoid process of the dentary and opening between the cheek and the teeth while that of the ancestral submandibular gland passed forward to open between the tongue and teeth in the usual way. Such a primitive condition would make it easy to understand the mammalian conditions, for expansion of the recessus tympanicus mandibularis into the notch might be expected to separate and displace the glands, the upper parotid part being pushed upwards and out wards, the lower moved forwards inside the dentary. But it is difficult to see good reasons for the general occurrence of such large salivary glands in reptiles like the sphenacodont Pelycosauria with bladelike or conical sectorial teeth. One might expect them to be present rather sporadically. I conclude tentatively that any relationship between these salivary glands and the pocket covered by the angular flap is likely to have been secondary, though it seems quite likely that the two glands were present in Cynodontia. The parotic gland was perhaps just below the exposed part of the articular (figure 6 e , f ) and the submandibular just within the angle of the dentary in front of the recessus mandibularis.
The exact function of the 'angular notch' in sphenacodont Pelycosauria is therefore difficult to decide. It had nothing to do with the reptilian pterygoideus muscle, but may have been occupied in part by the muscle (the reptilian pseudo-temporalis) which became the mammalian pterygoideus internus. It may also (though in my opinion much less probably and not primarily) have housed a salivary gland or glands. Even at that early stage of the evolution of mammals I think it likely that a recessus mandibularis tympanicus had come into fairly close relationship with the region in question.
7 . T h e h o m o l o g y o f t h e t y m p a n i c c a v i t i e s o f t e t r a p o d s Many workers have cast doubt on the strict homology of the tympanic cavity and membrane throughout the Tetrapoda. In particular, Gaupp (1913, especially pp. 2 9 4 -3 0 6 ) stated, in his masterly work on Reichert's theory, that the tympanic membrane has such different relations in frogs, reptiles and mammals that it may have evolved independently from a generalized condition in which thick tissues separated the diverticulum from the outer skin. Sushkin (1927) also adopted the view that there are two positions of the whole tympanic diverticulum-an upper position above the jaw articulation, found in frogs and Stegocephalia and in many reptiles, and a lower position extending also beneath the jaw articulation, found in mammals and mammal-like reptiles. Goodrich, on the other hand, holds that the tympanic cavity and membrane are essentially homologous throughout (1930, pp. 4 7 8 , 4 8 4 -4 8 5 ) . My own conclusions are somewhat different. They are that there was primitively one main diverticulum which, by pushing out new recesses may come to envelop different structures; that in labyrinthodont Stegocephalia and their allies and in living Anura the diverticulum was and is simple and very dorsally placed (recessus tympanicus dorsalis); that in many reptiles (including the relatives of living forms) there was a more ventral recess (recessus infrastapedialis) from the diverticulum, arising between the quadrate and ceratohyal processes or ligaments of the stapes and enveloping parts of that complex; that in Theromorpha an additional recess (recessus mandibularis), still more ventrally directed, passed at first below the reptilian pterygoideus muscle and made contact with the posterior inner face of the mandible, being finally housed in part in the angular notch; and that in mammals the dorsal and ventral parts of the whole cavity of the theromorphs have enveloped the region of the old jaw articulation and that the tympanum has been able to enlarge or migrate antero-ventrally (see figure 3 ) . In my view, therefore, the different conditions have arisen by evolution and modification of a primitive dorsal diverticulum which is essentially homologous throughout but is greatly reduced in mammals; it is the additional recesses that cause the difficulty. The modifications appear in each case to be correlated with the downward movement of the structures forming the roof of the tympanic cavity; unless otherwise compensated by new extensions of the cavity this process would have constricted the diverticulum very considerably, and perhaps obliterated it. These conclusions run more or less parallel to those of Gaupp, but the mechanism is quite different.
